Cloned cDNA and synthetic deoxyoligonucleotides, complementary to various parts of the genomic RNA of tick-borne encephalitis virus (TBEV), strain Sol]in, were used to distinguish between strains of TBEV and other flaviviruses. The cDNA probe hybridized with strains of TBEV and related flaviviruses of the TBE complex except for Powassan virus, and it did not react with flaviviruses of the Japanese encephalitis and dengue subgroups. Viruses of the TBE complex and some strains of TBEV were differentiated from TBEV strain Sol]in by the thermal stability of RNA-DNA hybrids. Negishi and louping-ill viruses were the most closely related to TBEV strain Sol]in, among viruses of the TBE complex. Eight strains of TBEV isolated in different geographical areas from different sources were tested by dot-hybridization with 11 deoxyoligonucleotide probes. The probes revealed genetic variations among strains of TBEV. The pattern of hybridization correlated with the source of virus strains: TBEV strains isolated from TBE patients reacted with more probes than strains isolated from ticks. Within a group of epidemic strains of TBEV there was a correlation between the geographical area of isolation and similarity to TBEV strain Sofjin.
Introduction
Tick-borne encephalitis virus (TBEV) belongs to the Flaviviridae family comprising about 65 viruses of which some are important human pathogens (Westaway et al., 1985) . Eight subgroups or complexes have been defined within the family by cross-neutralization tests (Calisher et al., 1989) . The TBE complex includes TBEV, Langat, Omsk haemorrhagic fever (OHF), Kyasanur forest disease (KFD), louping-ill (LI), Powassan and Negishi viruses as well as several newly classified viruses (Calisher et al., 1989) . Most viruses of the TBE complex are transmitted by ticks.
Within the complex, LI (Clarke, 1964; Stephenson et aL, 1984) , OHF (Clarke, 1962) and Negishi (Clarke, 1964) viruses are closely related antigenically to strains of TBEV. Using antibody adsorption and agar gel precipitin techniques TBEV strains can be subdivided into western and eastern subtypes (Clarke, 1962) . Analysis of glycoprotein E, and non-structural proteins NS4 and NS5 by peptide mapping reveals minor variations in the peptide pattern for eastern and western isolates (Heinz & Kunz, 1981) . The association of the antigenic types of TBEV with tick vectors Ixodes ricinus (western subtype) and Ixodes persulcatus (eastern subtype) is established (Rubin & Chumakov, 1980) . Apart from their antigenic differences flaviviruses can be differentiated on the basis of variations in genomic sequence. The flavivirus genome is an ssRNA of positive polarity approximately 11000 nucleotides long (Rice et al., 1985) . The complete nucleotide sequences have been determined for TBEV strains Sofjin, an eastern subtype (Pletnev et al., 1990) , and Neudorfl, a western subtype (F. Heinz, personal communication) . Thus detailed information on the genetic differences between virus strains can be obtained, but this approach is technically difficult and laborious.
A fine analysis of genotype variations has been made using oligonucleotide fingerprints. Genetic heterogeneity was revealed among strains of St Louis encephalitis virus (SLE) (Trent et al., 1981) , dengue 1 virus (DEN 1) (Repik et al., 1983) , dengue 2 virus (DEN 2) (Trent et al., 1983) , and yellow fever (YF) virus (Deubel et al., 1986) , which often correlated with the geographical distribution of strains. However the test is slow, labour-intensive and requires large amounts of purified virus. Alternatively synthetic deoxyoligonucleotide probes were used for the identification of genetic variants among DEN 2 virus strains using spot-hybridization (Kerschner et al., 1986) . RNA-DNA hybridization was used to study genetic relationships between the serotypes of DEN virus (Blok et al., 1984; Blok, 1985) .
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In the present study cloned cDNA and synthetic deoxyoligonucleotides complementary to various regions of the genomic RNA of TBEV strain Sofjin were used to distinguish strains of TBEV.
Methods
Viruses. The viruses used in the study are listed in Table 1 . All TBEV strains are eastern or Far Eastern isolates except strain Absettarov, which is a western isolate geographically and belongs to the western subtype of TBEV antigenically (Clarke, 1964) . TBEV strains Sofjin, Khabarovsk-17, Aina 1448, 4072, Absettarov, and strains of West Nile (WN), Murray Valley encephalitis (MVE), Japanese encephalitis (JE), SLE, YF, DEN 2 and Semliki forest (SF) viruses were obtained from the State Collection of viruses of the Ivanovsky Institute of Virology (Moscow). TBEV strain Yekaterinovka-21 was obtained from the Institute of Natural-Foci Infections (Omsk). TBEV strains Primorje-2 and Lesopark-ll were isolated by one of us (V. I. Zlobin) and confirmed to be TBEV by haemagglutination inhibition and complement fixation tests (Drokin et al., 1987) . Two sets of viruses of the TBE complex (TBEV strain Sofjin, OHF, LI, KFD, Langat, Negishi and Powassan) were obtained separately from the Ivanovsky Institute of Virology and from the Institute of Poliomyelitis and Viral Encephalitis (Moscow).
All viruses were prepared as 10% (w/v) suspensions of infected mouse brains. Viruses were titrated by plaque assay on monolayers of pig embryo kidney cells (Korenberg et aL, 1988) . The titres of infectious virus were 10.0 to 10.5 log p.f.u./ml for the preparations of TBE Fig. 1 . A map showing localization on the TBEV genome of cDNA fragments that were used in hybridization experiments. The order and designation of genes are in accord with the data of Pletnev et al. (1989) .
complex viruses (TBEV Sofjin, OHF, Langat, Powassan, Negishi, LI and KFD) and 8.0 to 10-5 log p.f.u./ml for the other viruses.
RNA isolation. Total brain RNA was obtained by phenol extraction (60 °C, pH 5.2) in the presence of 1% SDS (Scherrer, 1969) . The RNA was stored as a suspension in 96% ethanol at -70 °C for up to 1 year without a change in its ability to hybridize.
Preparation ofcDNA probes. The cloning and sequencing of TBEV strain Sofjin genomic RNA was described (Pletnev et al., 1990) . In the present study cDNA inserts of the recombinant plasmids pTBE51.1, pTBE6 and pTBE7 were used (Fig. 1) . After digestion of the plasmid DNA by restriction endonucleases PstI (pTBE6, pTBE7) or HindIII (pTBE51.1), cDNA fragments were separated by electrophoresis in a 4% polyacrylamide gel, isolated from the gels by electroelution on dialysis membranes, and concentrated by ethanol precipitation. Unless otherwise indicated, the cDNA fragment 51.1, which spans the region of genes C, M and E, was used for probe preparation, cDNA fragments were labelled by nick translation (Rigby et aL, 1977) 
TCCCCAAGAACGTGCAGG
* Genes and nucleotides of the TBEV genome, complementary to the probe, are indicated according to Pletnev et al. (1990) . 1" Data used: TBEs, strain Sofjin (Pletnev et al., 1990) , TBEn, strain Neudorfl (Dr F. Heinz, personal communication), YF virus (Rice et al., 1985) , DEN 2 virus (Deubel et al., 1988) , JE virus (Sumiyoushi et al., 1987) .
-Indicates amino acid residues and nucleotides identical to TBEV strain Sofjin.
Design of deoxyoligonucleotide probes. Flavivirus protein alignment data (Pletnev et aL, 1990) were used to choose putative conservative and variable parts of the TBEV genome. Synthetic deoxyoligonucleotides complementary to selected regions of the virus genome were used as probes for dot-hybridization (Table 2) . Oligonucleotides SI, $2, $3, P10, P5, P131 and X2 correspond to variable parts of the genome, whereas $4, $5, P31 and P2 correspond to relatively conservative ones.
Synthesis of deoxyoligonucleotide probes. Deoxyoligonucleotides were synthesized by the phosphoramide method on an automatic synthesizer 'Victoria-5M' (SBDT, U.S.S.R.), and subsequently purified by ionexchange and reverse-phase chromatography (Grjaznov et al., 1987) .
Purity of p~obes was tested by 20% denaturing PAGE. For each hybridization, 10 pmol of the probe was end-labelled with a twofold molar excess of [y.32p]ATP (> 1000 Ci/mmol; Izotope, U.S.S.R.). The specific activity of the probes was 2 × 108 to 4 × 108 c.p.m.Atg.
Hybridization. A sample of RN A was denatured in FSP buffer (7-5 % w/v paraformaldehyde, 20 raM-sodium phosphate pH 7.0) for 15 rain at 56°C, and, after the addition of an equal volume of 20 x SSC (20 × SSC is 3.0 M-NaCI plus 0.3 ~,l-sodium citrate pH 7.0), the RNA was blotted (2 ~tg/dot) on nitrocellulose BA85 (Schleicher & Schfill). The filters were baked for 2 h at 80 °C in a vacuum oven.
Nitrocellulose was prehybridized at 65 °C for 1 h in solution A [6 x SSC, 1% SDS and 2 x Denhardt's solution (Maniatis et al., 1982) plus 200 gg/ml of sheared and denatured bovine spleen DNA]. cDNA hybridization was performed at a probe concentration of 50 to 100 ng/ml for 8 to 16 h either in the above solution at 65 °C or in solution A with 50% (v/v) formamide at the specified temperature (see Results). After hybridization filters were washed three to five times in solution B
(1 x SSC and 0.1% SDS) at 50 °C. Deoxyoligonucleotide probes were hybridized in solution A at 0.2 to 0.5 pmol/ml for 8 to 16 h at 45 °C. After hybridization filters were washed three to five times in solution C (6 x SSC and 0.1% SDS) at 45 °C. Washed filters were blotted dry and exposed to X-ray film PM-B (Tasma, U.S.S.R.) with intensifying screen EUI-1 (Minmedprom, U.S.S.R.) for 4 to 96 h depending on the intensity of radioactivity. After autoradiography filters were cut and radioactivity was counted in a liquid scintillation counter (Rack Beta, LKB). The amount of radioactivity bound to samples containing virus RNA was converted to uniform hybridization levels to correct for low levels of non-specific binding and to standardize reactions conducted at various stringencies or with different probes The RNA was blotted on nitrocellulose (2 gg/spot) and hybridized overnight with the cDNA probe (a mixture of cDNA fragments 51.1, 6, 7 at 17 ng/ml each) at 65 °C in solution A (for details see Methods). Brain RNA of uninfected mice (2 gg/spot) and bovine spleen DNA (2 gg/spot) were used as controls.
Results
Specificity of hybridization with cDNA probe
Isolation of virus RNA free from contamination by cellular nucleic acids is technically difficult and impractical with a large number of specimens. To simplify the procedure total tissue RNA was used in hybridization experiments, and hybridization was evaluated relative to that of TBEV strain Sofjin under conditions of various stringency.
Hybridization of the cDNA probe with brain RNA of infected mice is shown in Fig. 2 . The probe did not react with brain RNA of uninfected mice (control) and bovine spleen DNA. Intensive hybridization with the homologous TBEV strain Sofjin and cross-reaction with several viruses of TBE complex (Negishi and to a smaller extent, OHF and KFD viruses) was observed. Hybridization with Powassan virus, which is antigenically distinct among viruses of the TBE complex, was close to the background level. The probe also did not react with samples of flaviviruses transmitted by mosquitoes (WN, MVE, SLE, JE and DEN 2) and with SF alphavirus (Fig.  2) With the cDNA probe viruses of the TBE complex were further differentiated from TBEV according to the thermal stability of RNA-DNA hybrids, which reflects the extent of genetic similarity to strain Sofjin. Viruses of the TBE complex (TBEV Sofjin, OHF, Langat, Powas o san, Negishi, LI and KFD) were standardized with respect to the titre of the virus (which was 10 to 10.5 log p.f.u./ml) to give a consistent quantity of viral RNA in samples. For each virus the hybridization level at various stringencies was compared to that obtained in the most mild conditions (hybridization at 35 °C in 50~ formamide) and expressed as a fraction of the latter.
The probe reacted efficiently with all viruses of the TBE complex except Powassan virus, at 65 °C in aqueous solution or 35 to 50 °C in 50~o formamide (Fig.  3) . In the mildest conditions the hybridization level of Powassan virus was 2.2~ in comparison to TBEV strain Sofjin (Table 3) . Under the same conditions the hybridization level of other viruses varied in the range of 12.1~ (OHF virus) to 53.5~ (Negishi virus).
The level of hybridization of viruses Negishi, LI and OHF changed to a smaller extent at various stringencies in comparison to viruses KFD and Langat. For instance, at 45 °C the fraction of hybridization of Negishi virus was 0.69 in comparison to 0-33 with Langat virus (Table   3 ).
At 65 °C in 50~o formamide the cDNA probe reacted monospecifically with TBEV strain Sofjin (Fig. 3) , so the (Table 3) . Differentiation of TBEV strains was performed similarly (Fig. 4) . At 35 °C in 50~o formamide the cDNA probe efficiently hybridized with all TBEV strains (Fig.  4) . Differences in the level of hybridization at this stringency were observed, and are explained, in part, by variations of virus titre in the brain specimens (8.0 to 10.5 log p.f.u./ml), from which the RNA had been isolated. Under more stringent conditions (50 to 65 °C, 50~ formamide) it was possible to differentiate between TBEV strains according to the thermal stability of RNA-DNA hybrids. The level of hybridization of the TBEV strains Khabarovsk-17, Aina 1448 and 4072 changed to a smaller extent with temperature in comparison to strains Primorje-2, Lesopark-11, Absettarov and Yekaterinovka-21. For instance, at 65 °C the fraction of hybridization of strain 4072 was 0.58 of that conducted at 35 °C. For strain Primorje-2 from the latter group the fraction of hybridization at 65 °C was 0.27 of that obtained at 35 °C (Table 4) .
The fraction of hybridization of TBEV strains at 55 °C (in comparison to that obtained at 35 °C) was in the range 0-60 to 1-02, whereas for other viruses of the TBE complex it was in the range 0.14 to 0.36. Thus, TBEV strains could be discriminated from the other viruses of the TBE complex using thermal stability of RNA-DNA hybrids as a criterion (the same was true for hybridization at 65 °C in 50~ formamide).
Specificity of synthet& deoxyoligonucleotide probes
Synthetic deoxyoligonucleotides complementary to various parts of the TBEV genome (strain Sofjin) were used for further differentiation of TBEV strains. Hybridization of the cDNA probe under conditions of low stringency (35 °C, 50~ formamide) was used as a standard against which hybridization of oligonucleotide probes was compared. The results of hybridization with probes P5 and $5 are shown in Fig. 5 . The probes were complementary to variable (P5) and conservative ($5) parts of the viral genome in the region of genes NS4b and E, respectively. Hybridization with the $5 probe is similar to that with the cDNA probe except for two points: reduced hybridization with strain 4072 and absence of hybridization with OHF. For P5 hybridization, it differs significantly from cDNA hybridization: absence of hybridization with TBEV strains Primorje-2, Lesopark-11, Yekaterinovka-21 and Absettarov; absence of hybridization with Negishi, OHF and KFD virus samples. Other oligonucleotide probes (and LI and Langat viruses, which are not shown in Fig. 5 ) were similarly tested; the results are shown in Table 5 . Oligonucleotide probes had different specificity to the RNA of the strains involved (Table 5) . Broad specificity correlated in some cases with the conservation of the respective protein sequence. Probe $5 reacted with all TBEV strains as well as with other viruses of the TBE complex (Negishi, LI, KFD). Probe $4, in comparison to $5, did not react with TBEV strains Primorje-2, 4072 and KFD virus. Probes $4 and $5 correspond to the fragment * P/N, Number of positive reactions with deoxyoligonucleotide probes divided by total number of deoxyoligonucleotide probes. t Hybridization was evaluated as a percentage relative to strain Sofjin. The symbol -represents 0 to 5~ hybridization; +, 5 to 20~; + +, 20 to lOOK.
of protein E that has an amino acid sequence conserved among all sequenced flaviviruses. The nucleotide sequence of this region is conserved for 11 strains of MVE virus (Lobigs et al., 1988) . Probes which were complementary to other parts of the genome did not react with viruses of the TBE complex, except TBEV, and differentiated strains of the latter (Table 5) . Probes P2, P31 and P131 yielded identical hybridization and reacted with TBEV strains Sofjin, Khabarovsk-17, Aina 1448, 4072 and Absettarov. Amongst the latter probes, P2 and P31 correspond to the conservative regions of the NS1 protein. Another group of probes showing identical hybridization patterns included P5, P10 and X2. These probes reacted with strains Sofjin, Khabarovsk-17, Aina 1448 and 4072. Probe $2 was the most specific one, and reacted only with homologous strain Sofjin and with strain Khabarovsk-17.
Genetic variation among TBEV strains
Viral RNA of various strains was detected by different sets of oligonucleotide probes (Table 5 ). Most viruses of the TBE complex did not react with the probes except for the hybridization of Negishi and LI viruses with probes $4 and $5, and KFD viruses with $5.
TBEV strains displayed very different patterns of hybridization (Table 5) . Strain Khabarovsk-17 reacted identically to strain Sofjin. Strain Lesopark-11 differed the most from strain Sofjin: it hybridized with only two of 11 probes. The remaining strains reacted between these two extremes.
Strains of TBEV isolated from TBE patients (Khabarovsk-17, Aina 1448, 4072 and Absettarov) reacted with more probes than strains isolated from ticks (Primorje-2, Lesopark-ll and Yekaterinovka-21). Strains Khabarovsk-17, Aina 1448 and 4072 also hybridized efficiently with the cDNA probe under stringent conditions (see above). Among epidemic strains of TBEV (Khabarovsk-17, Aina 1448, 4072 and Absettarov) there was a correlation between the geographical area of isolation and similarity to strain Sofjin. Thus, Khabarovsk-17 (11 positive hybridizations of 11 probes), isolated from a fatal human case in the Khabarovsk region (far east of the U.S.S.R.) in 1957, could not be discriminated from Sofjin, which was also isolated from a fatal human case in the same region in 1937. Absettarov 
Discussion
Classification of flaviviruses is based on the immunotyping of the viruses in complement fixation, neutralization and haemagglutination inhibition tests (Porterfield, 1980) . Using cross-neutralization tests in cell culture flaviviruses can be divided into eight subgroups (Calisher et al., 1989) . Results of cDNA hybridization correlated with the immunotyping of flaviviruses. The probe did not react with viruses of the JE and DEN subgroups, which are serologically different from TBEV. The probe also did not react with Powassan virus (except for a weak reaction under non-stringent conditions). Powassan virus belongs to the TBE complex but is only distantly related to other viruses of the complex in the cross-neutralization test (Calisher et al., 1989; de Madrid & Porterfield, 1974) .
The cDNA probe hybridized with serologically related viruses of the TBE complex and differentiated them from homologous TBEV strain Sofjin and other TBEV strains. Among the former group Negishi and LI viruses appeared to be closely related genetically to TBEV, and OHF, KFD and Langat viruses followed them. Negishi and LI virus samples hybridized with the cDNA probe under more stringent conditions, and also reacted with oligonucleotide probes $4 and $5. The data obtained confirm earlier studies, showing close antigenic similarity between TBEV strains, and Negishi and LI viruses in haemagglutination inhibition tests with adsorbed antiserum (Clarke, 1964) , and between western isolates of TBEV and LI virus in ELISA with monoclonal antibodies (Stephenson et al., 1984) .
OHF virus is closely related antigenically to TBEV (Clarke, 1962) , so a result showing this was expected. Interestingly, hybridization of the OHF virus sample to the cDNA probe was substantially lower and OHF virus did not hybridize to deoxyoligonucleotide probes, in comparison to Negishi and LI viruses despite very close virus titres in samples from which the RNA was isolated (10 to 10.5 log p.f.u./ml). These findings were reproduced for three different strains of OHF virus and with different cDNA probes (cDNA 51.1 alone; mixture of cDNA 6, 7, 51.1 : data not shown).
Stringent hybridization of the cDNA probe (65 °C, 50~ formamide) yielded monospecific reaction to RNA of homologous TBEV. Similar highly specific reactions were observed when flaviviruses were tested by DEN 2 (Henchal et al., 1987) or Kunjin cDNA probes (Khan & Wright, 1987) . Thus the specificity of cDNA hybridization seems to be comparable to that of the neutralization test.
The cDNA probe differentiated TBEV strains by the thermal stability of RNA-DNA hybrids. Strains Khabarovsk-17, 4072 and Aina 1448 were more closely related to strain Sofjin, as their RNA hybridized efficiently under stringent conditions. Unlike the above strains, the level of hybridization of strains Yekaterinovka-21, Lesopark-11, Primorje-2 and Absettarov considerably decreased (3.7-fold and more; compare levels of hybridization in Table 4 ) at 65 °C in 50~o formamide. The resolving power of dot-hybridization with the cDNA probe was insufficient for further differentiation of TBEV strains.
It is possible that more specific results might have been obtained if purified viral RNA was applied in the hybridization test. Ultimately, nucleotide sequence data are needed to provide determination of genetic relatedness among viruses of the TBE complex.
A set of oligonucleotide probes enabled study of genetic variation among TBEV strains. The advantages of this test are the following: test is rapid and simple, thus a large number of virus isolates can be examined; small amounts (tens of micrograms) of crude RNA samples are sufficient for analysis; contrary to monoclonal antibodies, oligonucleotide probes can be synthetica]ly prepared to any selected region of the genome for which the nucleotide sequence is available. However the test is crude, because only a small fraction of the virus genome is examined (approximately 2~ in the present study), and precise differences in nucleotide sequence are not determined. Fine differentiation of virus strains can be obtained only by genomic sequencing.
Oligonucleotide probes, complementary to different regions of the TBEV genome, exemplified various specificity. Among the probes that reacted with most TBEV strains ('conservative' probes: $3, $4, $5, P2, P31 and P131), several ($4, $5, P31 and P2) corresponded to the conserved amino acid sequences among flaviviruses. This finding illustrates a rational way of probe design. A region of the flavivirus genome, complementary to probes $5 and $4, might be useful for construction of type-specific probes.
Oligonucleotide probes revealed genotype variations among TBEV strains. Three TBEV strains isolated from ticks differed much from the prototype strain Sofjin and reacted with only a few 'conservative' probes. Strains isolated from TBE patients turned out to be more closely related to strain Sofjin within the given experimental conditions and set of probes. These strains reacted with most 'conservative' probes and could be differentiated by 'variable' ones. Among the latter strains there was a correlation between the geographical area of isolation and number of probes hybridizing with the strain. The only example of a western subtype of TBEV included in the study (strain Absettarov) was the most distinct from prototype TBEV strain Sofjin among TBEV strains isolated from human patients; yet Absettarov was more closely related to Sofjin than strains of TBEV isolated from ticks. By using the method of cross-adsorption of antibody, strain Aina 1448 has been shown to be antigenically different from western and eastern subtypes, and is proposed to represent another subtype of TBEV (Rubin & Chumakov, 1980) . Hybridization data obtained in the present study do not support this hypothesis; the genotype of strain Aina 1448 was similar to that of Sofjin, except for a reduced reaction with probes S1, P10 and negative hybridization with $2.
TBEV strains similar to Sofjin may be those which preferentially cause human disease. However, because the passage history of the strains is not known in detail, the above similarity to strain Sofjin could be the result of strain adaptation to growth in mouse brain. To prove either of these alternatives a number of strains with known passage history must be investigated.
Genotype variations revealed by RNA fingerprinting among strains of DEN 1 (Repik et al., 1983) , DEN 2 (Trent et al., 1983) , SLE (Trent et al., 1981) and YF (Deubel et al., 1986) viruses often correlate with geographical distribution. Some correlation of this kind was observed in the present study for epidemic strains of TBEV. However the difference between epidemic and enzootic strains appears to be more pronounced than that between various geographical isolates of TBEV.
Oligonucleotide probes specific to TBEV strains were designed to recognize certain regions of the virus genome. In addition probes for other flaviviruses can be constructed using published nucleotide sequences.
